Alternative splicing of precursor messenger RNA (pre-mRNA) is common in mammalian cells and enables the production of multiple gene products from a single gene, thus increasing transcriptome and proteome diversity. Disturbance of splicing regulation is associated with many human diseases; however, key splicing factors that control tissue-specific alternative splicing remain largely undefined. In an unbiased genetic screen for essential male fertility genes in the mouse, we identified the RNA binding protein RBM5 (RNA binding motif 5) as an essential regulator of haploid male germ cell premRNA splicing and fertility. Mice carrying a missense mutation (R263P) in the second RNA recognition motif (RRM) of RBM5 exhibited spermatid differentiation arrest, germ cell sloughing and apoptosis, which ultimately led to azoospermia (no sperm in the ejaculate) and male sterility. Molecular modelling suggested that the R263P mutation resulted in compromised mRNA binding. Within the adult mouse testis, RBM5 localises to somatic and germ cells including spermatogonia, spermatocytes and round spermatids. Through the use of RNA pull down coupled with microarrays, we identified 11 round spermatid-expressed mRNAs as putative RBM5 targets. Importantly, the R263P mutation affected pre-mRNA splicing and resulted in a shift in the isoform ratios, or the production of novel spliced transcripts, of most targets. Microarray analysis of isolated round spermatids suggests that altered splicing of RBM5 target pre-mRNAs affected expression of genes in several pathways, including those implicated in germ cell adhesion, spermatid head shaping, and acrosome and tail formation. In summary, our findings reveal a critical role for RBM5 as a pre-mRNA splicing regulator in round spermatids and male fertility. Our findings also suggest that the second RRM of RBM5 is pivotal for appropriate pre-mRNA splicing.
Introduction
Male infertility is a major medical problem affecting at least 1 in 20 men of reproductive age globally [1] . For many men, techniques such as intra-cytoplasmic sperm injection, while not offering an infertility cure, do offer the hope of fathering children. Approximately one quarter of infertile men however, produce absolutely no sperm as determined by testis biopsy [2] , and for them the chances of ever fathering a child are remote. Such a clinical presentation is further frustrated by the limited ability to precisely diagnose causes of infertility in humans [1] .
The production of the male gametes, spermatozoa, is a complex and dynamic process through which a haploid highly polarised cell is produced from a diploid stem cell (spermatogonia). Spermatogenesis involves mitosis and self-renewal of spermatogonia, meiosis in spermatocytes and the differentiation of haploid spermatids (termed spermiogenesis) [3] . Several hormones and growth factors trigger these processes through complex signal transduction pathways. Each of these processes is subjected to transcriptional, post-transcriptional and posttranslational control [3] .
RNA binding proteins (RBPs) are important players in many aspects of gene regulation. RBPs are characterised by the presence of RNA binding domains that facilitate the binding to target mRNAs [4] . Individual RBPs often contain multiple RNA binding domains, of which the most common class is the RNA recognition motif (RRM). The RRM is composed of 80-90 residues in a ßaßßaß topology with the 4-stranded anti-parallel ß-sheets forming the RNA binding surface [4] . In addition to RNA binding domains, many RBPs contain domains implicated in nucleic acid and/or protein interaction [4] . Through protein-RNA and protein-protein interacting networks, RBPs play important roles in all aspects of post-transcriptional processing of RNAs, including pre-mRNA splicing.
Alternative splicing of pre-mRNA is prevalent in mammalian cells and occurs in at least 95% of multi-exon human transcripts [5] . Alternative splicing events that occur within protein-coding regions can lead to the generation of novel open reading frames, which permit the production of multiple protein isoforms from a single gene. Conversely, such events can result in the generation of premature termination codons, which trigger mRNA degradation by the nonsense-mediated decay (NMD) pathway [6] . Moreover, alternative splicing events that occur within cisacting elements in untranslated regions can lead to pronounced effects on mRNA stability [7] and translation [8] . Thus, accurate and efficient splicing is a critical feature of the regulation of gene expression and is thought to be one of the major sources for functional diversity in complex organisms. Disturbance in the balance between normal and alternative splicing is associated with many human diseases [9] . Despite the immense significance of splicing regulation in development, key splicing factors that control tissue-specific alternative splicing remain largely undefined.
RBM5 (alias LUCA15, G15, H37) is a widely expressed RBP [10] . RBM5 contains two RRMs along with other domains implicated in nucleic acid and/or protein binding [11] . RBM5 in HeLa cells is associated with the prespliceosomal A complex [12] and interacts with several spliceosomal proteins [13] [14] [15] . Knockdown and overexpression studies in HeLa cells demonstrate that RBM5 functions as a splicing factor and regulates alternative splicing of apoptosis-related pre-mRNAs, including Caspase 2 [10] , FAS receptor and c-FLIP [13] ; and B-lymphocyte cytidine deaminase enzyme AID (activation-induced cytidine deaminase) [14] . The conserved role for RBM5 as a splicing factor has been shown in its plant ortholog, SUA (suppressor of abi3-5) [16] . SUA was shown to regulate the splicing of Abi3 (abscisic acid insensitive 3), a gene that plays a role in seed maturation in Arabidopsis [16] . In mammals, the physiological role of RBM5 has not been defined.
Using an unbiased mouse mutagenesis approach we have identified a male-specific sterile mouse line that carries a missense mutation within the highly conserved RRM2 of the RBM5 protein. Our data reveal a crucial in vivo role for RBM5 in haploid male germ cell pre-mRNA splicing and fertility.
Results

Male sterility in Joey mutant males is caused by a missense mutation in the Rbm5 gene
To discover genes that are essential for male fertility, we have used an ENU (N-ethyl-N-nitrosourea) mutagenesis approach [17] [18] [19] . Lines that presented with male sterility at a frequency of one in four, as an indication of a recessive trait, and normal mating behaviors, as indicated by the presence of copulatory plugs, were subjected to further analysis. The ''Joey'' line was identified as part of these screens.
The locus associated with sterility in the Joey line was mapped to a 1.6 Mb interval on chromosome 9 (rs30136959 at 106193104 bp and rs3676408 at 107831132 bp, Ensembl release 68), which contained 52 genes. Exons and intronic flanking regions of all 19 testis-expressed genes within the linkage interval were sequenced. A single mutational change, a GRC substitution within exon 10 of the Rbm5 gene was identified ( Figure 1A) . The GRC mutation resulted in the conversion of an arginine (R) to proline (P) at position 263 (R263P) within the second RNA recognition motif (RRM2) of RBM5 ( Figure 1B ). Sequence alignment of RBM5 from multiple species revealed that R263 is a conserved residue within a highly conserved RRM ( Figure 1C ). Structural studies of RBM5 RRM2 [11] showed that R263 is positioned within the ß2-strand of the RRM that forms part of the RNA-binding interface ( Figure 1D ). The R263 side-chain is positioned upwards from the ß-sheet, availing itself for RNA interactions. Indeed, recent NMR studies detected perturbations to R263 upon titration of target RNA and decreased RNA binding upon the mutation of R263 to glutamic acid (E), both indicative of a direct role in RNA binding [11] . In the current study, the substitution of R263 to proline (P) would be predicted to dramatically decrease binding to target mRNAs through not only removing an interacting residue, but by disturbing the local ß2-strand secondary structure.
The homozygous mutant Joey males (hereafter referred to as Rbm5 sda/sda , where sda refers to the spermatid differentiation arrest phenotype) presented with male sterility at all ages examined (n = 30, age 8 weeks to 6 months old). Rbm5 sda/sda males were mated with wild-type (Rbm5 WT/WT ) or heterozygous mutant (Rbm5 sda/WT ) females over a period of 3 months. While normal mating behaviour, as determined by the presence of copulatory plugs, was observed, no pups were obtained from any of these breeding pairs. The sterility phenotype of the Rbm5 sda/sda males was uniform on both mixed CBAxC57BL/6J and congenic C57BL/6J genetic backgrounds. Data described herein were obtained from a mixed CBAxC57BL/6J background.
To define the effect of the Rbm5 sda/sda allele on female fertility, WT/WT female breeders, respectively. These data suggest that the Rbm5 sda/sda allele had no discernable effect on female fertility. Rbm5 sda/sda mice were otherwise healthy as indicated by a bodywide pathology assessment (n = 10, 9 months old). Of particular note, given published associations between RBM5 and human lung cancer [20, 21] , 9-month-old Rbm5 sda/sda males and females had normal lung histology (data not shown).
The consequences of RBM5 dysfunction on testis histology
At 8 week-of-age, the Rbm5 sda/sda males displayed testicular atrophy ( Figure 2A ) with a ,50% reduction in testis weight
Author Summary
The production of functional spermatozoa is an extraordinarily complex process that transforms a conventional round cell into the highly specialised sperm cell. These events require the coordinated activation of thousands of genes. It is likely that this complexity contributes to the large number of idiopathic infertility cases seen in humans.
In an effort to improve the field's understanding of male fertility, we used a random mutagenesis screen to produce the Joey mouse line and to conclusively define RBM5 as an essential regulator of male fertility. The Joey line carries a mutation in the Rbm5 gene, which leads to a complete block of spermatid (haploid male germ cell) differentiation and ultimately a total loss of sperm production. Our results reveal a physiological role for RBM5 in the splicing of several spermatid-expressed mRNAs that are critical for the production of spermatozoa. This study is the first to show that RBM5, via its effects on mRNA splicing in the testis, is required for male fertility. These data improve our understanding of the regulatory networks of gene expression that control sperm production and as such may lead to the development of novel approaches to enhance or suppress fertility in men.
compared to Rbm5
WT/WT littermates ( Figure 2B ). Histological analysis of testis sections revealed that spermatogenesis in the Rbm5 sda/sda mice initiated successfully, and preceded up to step 8 of haploid germ cell development ( Figure 2C ), after which germ cells were lost via sloughing as indicated by the presence of immature germ cells within the epididymis ( Figure 2D) .
No spermatozoa were present in the adult Rbm5 sda/sda epididymides (azoospermia) ( Figure 2D ). An arrest in germ cells at step 8 is significant as it is during this period of time that round spermatids are particularly responsive to the effects of hormone (androgen) withdrawal (or perturbed hormone signalling) [22] , sperm tail (flagellar) development has recently initiated [23] and sperm head shaping begins through the actions of the manchette [24] and through the exchange of histones for protamines [25] .
In order to explore potential for perturbed hormone signalling we measured circulating testosterone, FSH and LH levels in Rbm5 sda/sda and Rbm5 WT/WT littermates. No significant changes were observed (Table 1 ). These data suggest that the spermatid differentiation arrest phenotype was not the consequence of disturbed hormone production.
Staining of Rbm5 sda/sda testes and Rbm5 WT/WT testis sections for cleaved Caspase 3 and Caspase 9 immunostaining indicated that significant numbers of Rbm5 sda/sda germ cells were also lost via apoptosis ( Figures 2E-F) . Quantitative analysis of the number of Caspase-positive cells per tubule showed a significant increase in Caspase 3 ( Figure 2G ) and Caspase 9 ( Figure 2H ) positive cells in Rbm5 sda/sda testes compared to Rbm5 WT/WT testes (n = 6 mice per group, 250 tubules per mouse were counted). These data suggest that germ cells were lost by both apoptosis and sloughing. Cumulatively these data show that Rbm5 sda/sda mice are sterile because of an inability to produce functional mature sperm.
The R263P mutation generates a loss-of-function allele
To determine whether the Rbm5 sda/sda allele had an effect on Rbm5 mRNA stability, we performed quantitative RT-PCR (qRT-PCR) using postnatal day 28 total testis RNA i.e. in accordance with the germ cell arrest observed in Rbm5 sda/sda testes. No significant difference in the relative abundance of Rbm5 mRNA was observed in the Rbm5 sda/sda compared to Rbm5 WT/WT testes ( Figure 3A) . Similarly, the mutant RBM5 protein in the Rbm5 sda/sda postnatal day 28 testis was detected at similar levels to that of Rbm5 WT/WT testis ( Figure 3B ). These data suggest that the sterility phenotype was not due to a reduction in mRNA or protein production.
To formally confirm that the Rbm5 sda/sda allele was responsible for male-specific sterility phenotype, we utilised a genetic complementation approach. We generated mice carrying a heterozygous Rbm5 knockout allele (referred to as Rbm5 +/2 ) using a gene-trap ES cell line that carried a transcriptional terminator cassette within intron 1 of the Rbm5 gene ( Figure 3C) males displayed testicular atrophy ( Figure 3D ) and spermatid differentiation arrest comparable to the Rbm5 sda/sda males ( Figure 3E ). The only observed difference between Rbm5 sda/sda and Rbm5 sda/2 testis histology were pronounced acrosome defects in Rbm5 sda/2 sections ( Figure 3E ). Test breeding of Rbm5 sda/2 females at 8-10 week-of-age (n = 10) with Rbm5 WT/WT males indicated that they were fertile i.e. 6-10 pups per litter. These results further confirm that the Rbm5 sda/sda allele is the cause of male-specific sterility in the Rbm5 sda/sda mouse line, and strongly suggest that the R263P mutation generates a loss-of-function allele. The exacerbation of the acrosome phenotype between Rbm5 sda/sda and Rbm5 sda/2 , however, suggests that the Rbm5 sda allele may retain some functional activity. A likely role for RBM5 in acrosome development is described below.
RBM5 is ubiquitously expressed but highly enriched in the testis
Consistent with public gene expression databases, we detected Rbm5 mRNA expression in many adult mouse tissues but with the strongest expression in the testis ( Figure 4A ). A survey of testicular Rbm5 mRNA expression at different time points during the establishment of spermatogenesis revealed expression in neonate through to adult testes, suggesting its expression in multiple cell types. Levels of expression were enriched in postnatal day 14 through to day 30, (Figure 4B ), suggesting that Rbm5 was most highly expressed in spermatocytes and round spermatids. Consistently, RBM5 protein was found in germ cells and somatic cells of the testis i.e. Sertoli and peritubular cells ( Figure 4C ). In germ cells, RBM5 localised to the nucleus and cytoplasm of type A spermatogonia, spermatocytes and round spermatids ( Figure 4C ). Testis sections interrogated with preabsorbed RBM5 antibody did not show any positive staining ( Figure 4C , insert).
The R263P mutation affects the expression of genes in several pathways including those implicated in germ cell adhesion, spermatid head shaping, and acrosome and tail formation
The complete arrest of the spermatogenic cycle during spermatid differentiation was the most dramatic phenotype observed in the Rbm5 sda/sda mice and the ultimate cause of sterility. As such the function of RBM5 in spermatids is the focus of this study. In order to investigate the effects of the R263P mutation on the round spermatid transcriptional program, round spermatids were isolated from postnatal day 28 Rbm5 sda/sda and Rbm5
WT/WT mice and subjected to microarray analysis using Illumina mouse WG6v2 arrays. A total of 483 probe sets out of 45,275 probe sets showed a .2-fold change in Rbm5 sda/sda compared to Rbm5
WT/WT round spermatids. 263 probes (234 genes) were increased and 220 probes (208 genes) were decreased (Supplementary Table S1 ). These probe sets were submitted to the DAVID Functional Clustering algorithm (http://david.abcc.ncifcrf.gov) [26, 27] in order to elucidate biological functions that were significantly enriched in the differentially expressed genes. The top most significant functions associated with differentially expressed genes in Rbm5 sda/sda round spermatids were actin-binding, microtubule cytoskeleton and endocytosis ( Table 2) .
During spermiogenesis, actin-containing filaments and microtubules are involved in multiple aspects of development i.e. the ectoplasmic specialisations (ESs), acroplaxome and the manchette [28] . ESs are required for germ cell attachment to Sertoli cells and germ cell movement, orientation and detachment (spermiation). The actin-containing acroplaxome is an adhesion point of acrosomal formation and cooperates with the microtubule-based manchette to facilitate nuclear shaping [29, 30] . In addition, some vesicles and molecules required for tail formation are delivered via the intra-manchette transport [31] . Perturbation of the expression of genes associated with actin-binding and the microtubule network in Rbm5 sda/sda round spermatids raises the possibility that (i) the failure in spermatid head shaping and pre-mature spermatid detachment (sloughing) were caused by abnormalities in spermatid actin filaments and adhesion to Sertoli cells, (ii) the failure in sperm head shaping and tail formation were caused by abnormalities in the microtubule cytoskeleton network, and (iii) the severe acrosomal defects in Rbm5 sda/2 mice may be associated with abnormal actin in the acroplaxome. Moreover, RBM5 dysfunction also affected the expression of genes associated with the endocytosis pathway ( Table 2 ). The precise role of endocytosis in spermatogenesis remains largely unknown, however endocytosis in spermatids has been proposed as one of the mechanisms that regulate the uptake of macromolecules and vesicle-containing acrosomal enzymes required for fertilisation [32] .
In summary, these data suggest that RBM5 dysfunction affects expression of genes in several pathways including those implicated in germ cell adhesion, spermatid head shaping, and acrosome and tail formation.
RBM5 interacts with splicing factors SFPQ and hnRNP A2/ B1 and in round spermatids
In order to define the pathway(s) RBM5 is involved in, we first exploited immunoprecipitation to isolate RBM5 and its associated proteins from purified round spermatid extracts. Recovered immunocomplexes were analysed by mass spectrometry. We identified 40 putative RBM5 binding partners (Supplementary  Table S2 ). Consistent with findings from human cell lines [12] [13] [14] [15] , immunoprecipitation data from spermatids revealed that many RBM5 putative binding proteins have been implicated in premRNA splicing. These included four hnRNPs (heterogeneous nuclear ribonucleoproteins) i.e. hnRNP A2/B1, hnRNP K, hnRNP M, and hnRNP UL1; two SR proteins, SFRS1 (serine/ arginine-rich splicing factor 1, alias ASF and SF2) and PSIP1 (PC4 and SFRS1-interacting protein); splicing factor SFPQ (prolineand glutamine-rich); RNA helicase DDX5 (DEAD (Asp-Glu-AlaAsp) box helicase 5) and U1A (small nuclear ribonucleoprotein polypeptide A). In addition to splicing factors, several RBPs that play a role in different aspects of RNA biogenesis were also identified as RBM5 putative binding partners (Supplementary  Table S2 ). These included PABP1 (polyadenylate-binding protein 1), DDX4 (DEAD (Asp-Glu-Ala-Asp) box helicase 4, alias MVH and VASA), PSPC1 (paraspeckle component 1) and ELAV1 (embryonic lethal abnormal vision-like protein 1, alias HuR). These data suggest that RBM5 plays a role in RNA processing through a network of protein binding partners.
As RBM5 has been shown to play a role in splicing regulation in human cell lines [12] [13] [14] [15] and plants [16] , the focus in this study is to define whether its splicing function is conserved in male germ cells. Two enriched putative binding proteins (based on Mascot scores and number of matched peptides, Supplementary Table S2) with strong links to splicing regulation, SFPQ and hnRNP A2/B, were chosen for further analysis. Within the adult mouse testis, both proteins localised strongly in the nucleus of spermatocytes and round spermatids and co-localised with RBM5 ( Figure 5A ). Further, we confirmed that RBM5 interacted with SFPQ and hnRNP A2/B1 as determined by co-immunoprecipitation of round spermatid extracts ( Figure 5B and Supplementary Figure  S1 ). Collectively these results suggest a conserved role for RBM5 as a splicing regulator in haploid male germ cells.
Identification of RBM5 target mRNAs in round spermatids
RBM5 target mRNAs have not been identified in male germ cells. We therefore adapted the RBM5 immunoprecipitation and coupled it to a microarray to identify RBM5 target mRNAs in purified round spermatids. Three independent pull down sets from three biological replicates were performed and the level of each target was averaged. Enrichment scores (fold enrichment) were defined by the average level of each target in the pull down set versus their level of expression in the total round spermatid extracts (input material). Targets with $2-fold enrichment were defined as RBM5 targets. Using these selection criteria, we identified 11 RBM5 putative targets. The three most highly enriched targets (enriched scores $2.5 fold) were St5 (suppression of tumorigenicity 5), Asb1 (ankyrin repeat and SOCS boxcontaining 1) and Pla2g10 (phospholipase A2, group X) ( Table 3) . Bioinformatics analysis using the Ingenuity Pathway Analysis (IPA) software suggested that RBM5 targets participate in diverse biochemical pathways (Table 3) . Of note, Asb1, Plag2g10, Kif17 (Kinesin family member 17) and Tagap1 (T-cell activation GTPase activating protein 1) have been linked to spermatogenesis, in particular during haploid germ cell development [33] [34] [35] [36] [37] [38] .
To further verify the specificity of the RNA pull down experiments, qRT-PCR was employed to determine the relative abundance of St5, Asb1 and Pla2g10 in the RBM5-pulled down and IgG-pulled down control samples. All three targets showed a significant increase in their relative abundance in the RBM5-pulled down samples compared to that of IgG-pulled down samples ( Figure 6A) , thus confirming the specificity of our pull down experiments.
RBM5 is a splicing factor in round spermatids and its RRM2 is required for appropriate splicing of its target pre-mRNAs during spermiogenesis Genetic complementation and molecular modelling results suggest that the R263P mutation resulted in a loss-of-function allele. In HeLa, B-lymphocyte and plant cells, RBM5 regulates the splicing of target pre-mRNAs [10, 13, 14, 16] . As the testis is a tissue that contains high levels of alternative splicing [39] , we first asked whether the splicing function of RBM5 is conserved in haploid male germ cells and then, if this function was perturbed by the R263P mutation. We used RT-PCR analysis to assess the splicing pattern of RBM5 putative targets in round spermatids of the Rbm5 WT/WT and Rbm5 sda/sda males. First, we analysed the three most highly enriched targets St5, Asb1 and Pla2g10. Consistent with our hypothesis, the splicing of these three targets was altered in the Rbm5 sda/sda round spermatids (Figures 6B-D) . We note that based on microarray data (Supplementary Table S1), the total expression level of all RBM5 target mRNAs was unchanged between Rbm5 sda/sda and Rbm5 W/WT round spermatids. These data suggest that RBM5 is specifically involved in regulating splicing of these targets rather than their stability, turnover or translation. These data do not however, preclude that RBM5 has a role in determining the mRNA stability, rates of mRNA turnover and/or translation of other transcripts. Such a function would be supported by the binding of RBM5 to PABP1 [40] , ELAVL1 [41] , DDX4 [42] , and MATR3 [43] (Supplementary Table S2 ). Such a role for RBM5 will be explored in future studies.
ST5 has been proposed to play a role in a MAPK/ERK signalling in COS-7 and pancreatic ß cell lines [44] [45] [46] . The role for ST5 in spermatogenesis is unknown. Based on the Ensembl database (release 68), the mouse St5 gene is predicted to give rise to 4 transcripts (ENSMUST00000077909, ENSMUST00000079282, EN-SMUST00000084738 and ENSMUST00000168005) via alternative splicing and the use of an alternative promoter. Within round spermatids from both the Rbm5 WT/WT and Rbm5 sda/sda mice, we detected three St5 transcripts including the ENSMUST00000077909 (full-length), a novel transcript with partial exon 3 skipping, and the ENSMUST00000084738 transcript within which the entire of exon 3 was skipped ( Figure 6B ). As illustrated the R263P mutation enhanced exon 3 skipping thus reducing the level of full-length transcript in the Rbm5 sda/sda round spermatids ( Figure 6B ). ASB1 is a member of the suppressor of cytokine signalling (SOCS) protein family. SOCS proteins have been implicated in the regulation of the JAK/STAT signalling pathway [47] . The lack of ASB1 in mice results in hypospermatogenesis and a progressive loss of germ cells [33] . Based on the Ensembl database, the mouse Asb1 gene is predicted to give rise to two transcripts (ENSMUST00000027538 and ENSMUST00000086843) via the use of an alternative promoter. Within the Rbm5 WT/WT round spermatids, we detected two transcripts i.e. the EN-SMUST00000027538 (full-length) and a novel transcript wherein the entire of exon 3 was skipped ( Figure 6C ). Analogous to St5, the R263P mutation stimulated the skipping of both exon 3 and 4 in the Rbm5 sda/sda round spermatids ( Figure 6C ). Based on sequence analysis, the exons 3 and 4 skipped transcript is predicted to encode a novel ASB1 protein isoform.
PLA2G10 is a phospholipase enzyme in the acrosome of spermatozoa that is released during the acrosome reaction and has the ability to modulate the motility of capacitated sperm [34, 35] . Based on the Ensembl database, the mouse Pla2g10 gene is predicted to give rise to four transcripts (ENSMUST00000023364, ENSMUST00000115807, ENSMUST00000127780 and EN-SMUST00000156504) via alternative splicing and the use of an alternative promoter. Within the Rbm5 WT/WT and Rbm5 sda/sda round spermatids, we detected the ENSMUST00000023364 (fulllength) transcript and a novel spliced variant transcript that retained 99 nucleotides from intron 3 ( Figure 6D ). The R263P mutation resulted in a shift in the balance of transcripts towards the latter variant containing the intron 3 sequence ( Figure 6D ). The retention of the intronic sequence results in the introduction of a premature stop codon. In order to determine if altered splicing is broadly associated with RBM5 dysfunction we defined the splicing pattern of the remaining eight putative RBM5 targets using RT-PCR. As shown in Figure 6E , the Rbm5 sda/sda round spermatids contained aberrant splicing of Kif17 (Kinesin family member 17), Anks3 (Ankyrin repeat and sterile alpha motif domain containing 3), Rangap1 (RAN GTPase activating protein 1), Nfx1 (Nuclear RNA export factor 1) and Cftr (cystic fibrosis transmembrane conductance regulator homolog). We did not detect splicing defects in Tagap1, Hhatl and 2700094K13Rik (data not shown). Together, our data demonstrate for the first time that RBM5 functions as a critical splicing factor that tightly regulates the balance between normal and alternative splicing of several pre-mRNAs including those with functions that have been linked to haploid male germ cell development and male fertility. Our results also suggest that the RRM2 of RBM5 is pivotal for appropriate pre-mRNA splicing.
An example of the consequences of dysfunctional RBM5-mediated splicing: St5 and ERK1/2 activation
In order to assess the consequence of splicing defects, we chose to further analyse the most highly enriched RBM5 target, St5. St5 is of particular interest due to its proposed role in regulating MAPK/ERK signalling in somatic cells [44] [45] [46] . MAPK signalling has been implicated in cell growth, differentiation and apoptosis in many biological systems, and as such various established tools are available to evaluate the activation of the pathway. Importantly, the MAPK pathway is involved in many aspects of spermatogenesis, post-testicular sperm maturation and fertilisation [48] . Studies in rat models indicated that ERK1/2 activity is required for germ cell-Sertoli cell adhesion [49, 50] . Increased levels of activated ERK1/2 (via chemical treatments) in the rat testis is associated with germ cell loss [49, 50] . These findings and germ cell sloughing defects in the Rbm5 sda/sda mice ( Figure 2D ) prompted us to further investigate the consequence of St5 splicing defects on MAPK/ERK signalling.
In humans, the ST5 gene (ENSG00000166444) is predicted to give rise to 61 transcripts derived from alternative splicing or the use of alternative promoters. Of these, the 126 kDa full-length isoform (ENSP00000433528) has been shown to positively regulate ERK2 phosphorylation in COS-7 cells [44, 45] , and ERK1 and ERK2 phosphorylation in the pancreatic ß cell line MIN6 [46] , in response to epidermal growth factor (EGF) stimulation. Thus we asked if ERK signalling is affected in the Rbm5 sda/sda round spermatids. First, the effect of altered splicing on the levels of ST5 protein was determined using immunoblotting. Exon 3 skipping in the ENSMUST00000084738 transcript was predicted to result in an in-frame deletion of 417 amino acids near the N-terminus of the protein (Figure 7A ), producing a protein with a predicted molecular weight of 82 kDa. Using an ST5 antibody that recognized the C-terminal region ( Figure 7A ) present in all of the predicted mouse St5 transcripts, only the 126 kDa isoform (ENSMUSP00000077067) was detected in both Rbm5
WT/WT and Rbm5 sda/sda round spermatids ( Figure 7B ). The 126 kDa isoform was significantly down-regulated in Rbm5 sda/sda spermatids ( Figure 7B ). This result indicates that the 126 kDa isoform is the only isoform of ST5 protein produced in round spermatids, and alternatively spliced transcripts do not give rise to new protein isoforms and/or the new isoforms are highly unstable and rapidly degraded. Thus the Rbm5 sda/sda allele results in a significant decrease in ST5 full-length protein. Furthermore, we showed that ST5 localised strongly to round spermatids ( Figure 7C ), suggesting a role for ST5 in spermiogenesis.
In order to monitor the effect of decreased ST5 bioavailability on ERK1/2 activation we determined the total ERK1/2 and phosphorylated ERK1/2 (p-ERK1/2), as markers of activation, using immunoblotting. Rbm5
WT/WT and Rbm5 sda/sda round spermatids contained similar levels of total ERK1/2 proteins, however, p-ERK1/2 levels were significantly increased in Rbm5 sda/sda round spermatids compared to those from the Rbm5 WT/WT males ( Figure 7B ). These data reveal that RBM5 has a critical role in the splicing of St5 pre-mRNAs, and an alteration in the balance between the normal and alternative splicing is an important factor that regulates MAPK/ERK signalling output during spermatid differentiation.
While the example of St5 is compelling and may indeed contribute to the premature germ cell sloughing phenotype observed Rbm5 sda/sda males, members of numerous and apparently separate pathways were identified as being RBM5 target mRNAs. As such it is most likely that the Rbm5 sda/sda phenotype was caused by the parallel disruption of multiple pathways involved in spermatid differentiation.
Discussion
RBM5 is absolutely required for appropriate pre-mRNA splicing in round spermatids and male fertility Our findings demonstrate that RBM5 is an essential splicing factor in round spermatids in vivo. Our data suggests that RBM5 acts through a protein-protein interaction network that includes several SR and hnRNP proteins to control the splicing of its target pre-mRNAs, including those required for spermatid differentiation. Deficits in RBM5 function, as exemplified in the Rbm5 sda/sda males, result in male sterility characterised by a block during haploid germ cell development.
Genetic complementation data suggests that the R263P mutation resulted in a loss-of-function allele. This mutation occurs at the RNA binding interface of the RRM2 of RBM5 and would be expected to impact negatively on the ability of RBM5 to interact with target mRNAs. From the current general understanding of RNA binding by RRMs [51] and through specific structural studies of RBM5 RRM2 [11] , R263 potentially underlies both the affinity and specificity of the RNA interaction. A proline mutation, in particular, would abrogate this interaction and, furthermore, would disturb the local ß2-strand secondary structure and thus potentially further decrease the affinity of the interaction of RBM5 with target mRNAs.
Cumulatively our pre-mRNA splicing analyses suggest that RBM5 functions to promote exon inclusion in the majority of cases. There were however, three different types of splicing patterns observed in Rbm5 sda/sda round spermatids: (i) exon skipping which altered the ratio between full-length mRNA and shorter spliced transcripts (as seen in St5, Kif17, Anks3, Rangap1 and Cftr); (ii) increased intron retention (as seen in Pla2g10) which also altered transcript ratios, and (iii) the production of novel spliced transcripts (as seen in Asb1 and Nfx1). It should be acknowledged that a shift in the stability of particular transcripts in some of these examples could explain the altered transcript ratios. This possibility is not however supported by the bulk of the surrounding data. For example, if the R263P mutation resulted in major effects on the stability and/or pre-mature translation of RBM5 target mRNAs, it would be expected that the overall levels of RBM5 target mRNAs would be significantly altered in Rbm5 sda/sda round spermatids compared to Rbm5 WT/WT . Based on our analyses of whole round spermatid transcriptome, the levels of the 11 RBM5 target mRNAs were not changed between Rbm5 sda/sda and Rbm5 WT/WT . Moreover, the detection of a novel spliced isoform of Asb1 (exons 3 and 4 skipping) and two novel spliced isoforms of Nfx1 which do not exist in Rbm5
WT/WT round spermatids, clearly demonstrates splicing defects in the Rbm5 sda/sda germ cells. These data in combination with results on the role of RBM5 in human cell lines [10, 13, 14] and in plants [16] demonstrate the conserved in vivo role for RBM5 as a splicing regulator across multiple cell types and species.
Splicing defects of RBM5 targets lead to the altered expression of genes that regulate spermatid head shaping, acrosome and tail formation, and germ cell adhesion RBM5 is ubiquitously expressed in adult tissues however, the highest expression was observed in the testis where RBM5 was Table 3 . RBM5 target mRNAs in round spermatids identified using RNA pull down coupled with microarrays. localised to somatic, stem cells, meiotic and post-meiotic germ cells. The Rbm5 sda/sda allele disrupted male fertility as a consequence of complete spermatogenic arrest during spermatid differentiation. During this period, round spermatids undergo a series of dramatic morphological alterations which give rise to highly polarised spermatozoa. This transformation involves chromatin reorganisation and condensation, acrosome formation, cytoplasmic removal, sperm tail assembly and spermiation (sperm release) [52] . The timing of spermatogenic arrest in the Rbm5 sda/sda mice is concomitant with sperm tail development and the initiation of the condensation of the haploid nucleus. As a result of germ cell sloughing and apoptosis, no sperm were found in the reproductive tract of the Rbm5 sda/sda mice. The analogous phenotype in humans is referred to as azoospermia as a consequence of germ cell arrest [1, 2] .
The results from microarray analysis indicate that the R263P mutation results in an altered transcriptional program in Rbm5 sda/sda round spermatids. These transcriptional changes were associated with particular functions known to be important during round spermatid development and mirrored in the Rbm5 sda/sda phenotype. Significant associated transcriptional networks included actin filament and microtubule-based organisation, and endocytosis. These data suggest that a combination of these defects underlie the premature sloughing of round spermatids from Sertoli cells, the failure in sperm head shaping, and acrosome and tail formation. Cumulatively these data suggest that male sterility in Rbm5 sda/sda mice is the result of the deregulation of multiple parallel pathways rather than any one specific RBM5 target.
To further demonstrate the biological consequence of splicing defects and germ cell loss phenotype, we performed a detailed analysis of the most highly enriched RBM5 target, St5. The R263P mutation leads to an increase in St5 exon 3 skipping and a significant reduction of the full-length ST5 protein in Rbm5 sda/sda round spermatids. Our results indicate that the two alternatively spliced St5 transcripts do not give rise to additional ST5 protein isoforms. Thus, the regulation of alternative splicing of St5 pre-mRNA may represent an important mechanism that controls the relative abundance of the full-length transcript and the level of protein, which in turn has a major impact on the MAPK/ERK signalling pathway. Moreover, our results suggest that ST5 is a negative regulator of both ERK1 and ERK2 activation.
The role of MAPK/ERK signalling has been implicated in many aspects of spermatogenesis including germ cell adhesion [49, 50] . Inhibition of upstream kinases (MEK1/2/5) of the ERK pathway was shown to delay germ cell loss induced by adjudin in the rat testis [50] . Similarly, hyperactivated ERK1/2 in the adult rat testis induced by an oral dose of the indenopyridine compound l-CDB-4022 was shown to significantly enhance germ cell loss [49] . Our results showed that spermatid differentiation arrest in the Rbm5 sda/sda mice was accompanied by germ cell loss via sloughing. In line with studies in rat models [49, 50] , we propose that hyperactivation of ERK1/2 contributed, at least in part, to germ cell loss in the Rbm5 sda/sda mice. The data contained within this manuscript strongly supports that the primary phenotype within the Rbm5 sda/sda mice, male sterility, is due to RBM5 dysfunction within germ cells specifically. It should however be acknowledged that RBM5 is found within Sertoli cells ( Figure 4C ), thus Sertoli cell dysfunction may contribute to germ cell loss or abnormalities.
RBM5 is likely to bind different target mRNAs in different tissues
In human cell lines, RBM5 has been previously shown to interact with a number of spliceosomal proteins [13, 15] . In round spermatids, we identified many hnRNPs, SR proteins and other splicing-related factors as RBM5 putative interacting partners. We confirmed that RBM5 directly interacted with SFPQ and hnRNP A2/B1. Subsequently, we identified 11 RBM5 putative target mRNAs within round spermatids. Interestingly, the four previously identified RBM5 targets in HeLa cells, CASP2 [10] , FAS and c-FLIP [13] , and in B-lymphocytes, AID [14] were not detected in our RBM5 pull down, suggesting they are not RBM5 targets in round spermatids, and that RBM5 may interact with some of its target mRNAs in a tissue-specific manner.
Since it was identified over a decade ago [53] , RBM5 has been proposed to play a key role in cell cycle and apoptosis regulation [54] [55] [56] [57] [58] . The data contained herein, supports such a role in apoptosis (as evidenced by activated Caspase staining), but also in the differentiation of male germ cells. The presentation of a mouse line with defective RBM5 with male sterility in isolation could be considered somewhat surprising given Rbm5's wide expression profile and data showing an association between RBM5 and human lung cancer. In humans, RBM5 is one of 35 genes located within a 370 kb region on chromosome 3p21.3, which is frequently deleted in lung cancer [59] . RBM5 expression is down-regulated in primary lung cancer tissues [60] and has been linked to poor prognosis [20] . Together with several lines of in vitro evidence on its capacity to control cell cycle progression and apoptosis, RBM5 has been proposed as a putative tumour suppressor. Within our model of RBM5 dysfunction we observed no evidence of tumours or other histological abnormalities at 9 month-of-age under standard housing conditions. The possibility remains, however, that the Rbm5 sda/sda allele retains some functional activity thus avoiding developmental defects, or that mice may ultimately develop tumours with advancing age.
In summary, our findings define RBM5 as a critical splicing regulator in round spermatids and demonstrate that the precise control of alternative splicing is crucial for spermiogenesis. Our data also suggests that the second RRM of RBM5 is pivotal for appropriate pre-mRNA splicing. Equally importantly, we have defined the physiological role for RBM5 in male fertility and revealed a pathway of potential male contraceptive targets, of diagnostic and/or therapeutic significance for the large number of men who fail to produce sperm.
Materials and Methods
Mouse strains
Animal experiments were approved by the Australian National University and the Monash University Animal Ethics committees. ENU mutagenesis was performed as previously described [17] [18] [19] . Comprehensive full body histology was performed at the University of Melbourne node of the Australian Phenomics Network (APN). The Rbm5 knockout line was generated using an Rbm5 gene-trap 129Sv ES cell line obtained from the Mammalian Functional Genomics Centre (Canada). The trapped ES clone was injected into C57BL/6J blastocyst to generate chimeric mice at the Monash node of the APN. The line was backcrossed to C57BL/6J for 10 generations. Genotyping of the Rbm5 sda and knockout lines was performed using the Amplifluor SNP detection system as previously described [18, 19] and a standard PCR method, respectively. Primers are shown in (Supplementary Table S3 ). Comprehensive full body histology was performed at the University of Melbourne node of the APN.
Antibodies
A synthetic peptide (CRERERRNSDRSEDG) encoding amino acid positions 62-75 of the mouse RBM5 protein was used to generate a monoclonal antibody at the Monash Antibody Technologies Facility as described previously [18] . Clones were negatively selected against using peptides corresponding to the equivalent regions of the closely related paralogous RBM6 and RBM10. The antibody used in our studies is called RBM5-clone A9. The antibody binding specificity was determined by preabsorption of the antiserum using a 50-fold molar excess of the peptide. Antibodies purchased from commercial sources include: hnRNPA2B1 (Abcam, ab6102), SFPQ (Abcam, ab38148), ST5 (Abcam, ab64897), ERK1/2 (Sigma, #5670), p-ERK1/2 (Cell Signalling Technology, #4370), and HPRT (Abcam, ab10479). Western blotting, immunohistochemistry and immunofluorescence were performed as previously described [18, 19] . Germ cell apoptosis was assessed by immunostaining for cleaved Caspase 3 and cleaved Caspase 9 (Cell Signalling, #9664 and #9509). Quantitative analysis was performed by counting numbers of Caspase-positive cells in 250 tubules per testis (n = 3 mice per group).
qRT-PCR
Total RNAs were extracted from C57BL/6JxCBA mice (n = 3 per tissue and per age group) using Trizol reagent (Invitrogen) and converted into cDNA using SuperScriptIII reverse transcriptase (Invitrogen). Predesigned TaqMan assays (Life technologies) were used to detect Rbm5 expression (Mm00455721_m1). For the testis age survey, data were normalised to Ppia (Mm02342429_g1). For the different tissues expression pattern, data were normalised to Hprt (Mm00446968_m1). Testis expression was set to 100%. TaqMan assays used to verify RNA pull down experiments were St5 (Mm00551615_m1), Asb1 (Mm04206231) and Pla2g10 (Mm01344436_g1).
Protein pull down and mass spectrometry
Round spermatids from Rbm5 WT/WT mice (n = 3) were purified using the Staput method as previously described [19] . Protein pull down was performed using 5 mg of the RBM5 mouse monoclonal antibody or mouse IgG1. Mass spectrometry analysis was performed at the Australian Proteomics Analysis Facility. Proteins with Mascot search score of at least 40 and more than 2 unique peptides matched were considered as putative RBM5 binding partners.
Identification of RBM5 target mRNAs
RNA pull down using the RBM5 antibody and mouse IgG was performed using purified round spermatids as previously described [61] . Microarray was performed using Illumina mouse WG6v2 array at the Australian Genome Research Facility (AGRF). We conducted 3 independent pull down sets (from 3 biological replicates) and the level of each target was averaged. Enrichment scores (fold enrichment) were defined by the averaged level of each target versus their level of expression in the total round spermatid extracts (input material). Targets with $2-fold enrichment were defined as RBM5 targets. qRT-PCR was employed to determine the levels of St5, Asb1 and Pla2g10, relative to Ppia, in the remaining RBM5 and IgG pulled down samples to verify the specificity of RNA pull down.
Determination of splicing defects
RT-PCR analysis was performed using total RNAs from purified round spermatids of the Rbm5 WT/WT and Rbm5 sda/sda mice. cDNA conversion was performed using oligo dT as described above. 200 ng of cDNA was used as template for the subsequent PCR amplification step (Supplemental Table S3 ). St5, Asb1 and Pla2g10 alternatively spliced transcripts were further confirmed by sequencing.
Hormone analysis
FSH and LH serum concentrations were measured as described previously [62] . Testosterone concentrations were measured using the Active Testosterone RIA DSL-4000 (Diagnostic Systems Laboratories, Webster TX).
Microarray analyses
Round spermatids were purified from day 28 Rbm5 sda/sda and Rbm5 WT/WT mice (n = 3 per group) as described above. Microarray and bioinformatics analysis was performed at the AGRF using Illumina mouse WG6v2 arrays. Probe sets showing a $2-fold change were defined as differentially expressed genes and submitted to the DAVID Functional Clustering algorithm [26, 27] (http://david.abcc.ncifcrf.gov) in order to elucidate which biological functions were significantly enriched in the differentially expressed genes. The top most significant and relevant functional clusters/functions were noted, along with enrichment scores and p values. Figure S1 Full immunoblotting images of RBM5 co-immunoprecipitation. RBM5-PD: RBM5 pulled down samples; IgG-PD:
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IgG pulled down samples; IgG was loaded in order to locate heavy and light chains. (TIF) 
